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Abstract- The relationship between electrical and ionic transport properties has been investigated in the carboxymethyl cellulose
(CMC)-salicylic acid (SA) system in the SA content range of 0-7 wt%. Furthermore, the dielectric permittivity (£*) and the modulus
(M*) permittivity properties of the CMC-SA system, as measured with electrical impedance spectroscopy (EIS) at ambient and
elevated temperature have been explored. The conductivity of the CMC-SA was found to increase relatively to the SA content and
temperature. The highest ionic conductivity at room temperature (303K) is 4.02 x 107 Sem™ for sample containing 5wt% of SA and
increases to 4.67 x 10° Scm™ at 363K. The relation between the conductivity and ionic transport was linear. The conductivity was
found to be capsized with the activation energy. The Correlated Barrier Hopping (CBH) is the best possible mechanism to present the

hopping method in the CM C-SA system studied.
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. INTRODUCTION

Solid polymer electrolytes (SPEs) have gained
technological importance as electrolytes materials for the
solid state electrochemical devices such as batteries, fuel
cells, electro chromic windows and super capacitors.
Recently, SPEs are found to be advantageous compared to
the conventional solid electrolytes in view of the flexibility,
ease of preparation into required geometries and better
electrode contacts. ™ Although, it has been studied by many
researches, further improvements are needed.”® Generally,
solid polymer electrolytes has advantages over liquid
electrolytes such as lightweight, improve leakage problem,
mechanically stable and flexible for packaging design.
Additionally, the performance of solid electrolytes based
devices demands on the understanding of the mechanism of
ions transport in its system.!

Previous researchers 7 911 3 have used casting
technique as the method to produce thin films. The polymers
were doped with various ionic doping material i.e. glycolic
acid, ammonium salts, etc., which provide the ions for
conduction. ® This present study focused on developing
carboxymethyl cellulose (CMC) doped with Salicylic Acid
(SA) solid biopolymer eectrolytes (SbPES). CMC was
chosen as it has good film forming property, high mechanical
strength and can form a transparent film.[”*) The employment
of electrical impedance spectroscopy (EIS) method at wide
frequency scale is to understand the frequency dependence of
conductivity in various materids. ©® The effect of
temperature % 7 1% ™M and jonic transport properties I 1% was
aso studied. Finally, the conduction mechanism of the CMC-
SA system was successfully determined.
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1. EXPERIMENTAL

1.0 g of CMC (Across Organic Co.) was dissolved in 100
ml of digtilled water until complete dissolution. Then,
different amount of SA (in wt%) between 0-7 wt% was
added and the mixture was stirred until the solution became
homogenous. The solutions was poured into glass petri dishes
and left dry at room temperature. The water free thin films
thus obtained were further dried in the desiccators to discard
any trace of water. The ionic conductivity of the samples was
determined via Electrica Impedance Spectroscopy (EIS)
using HIOK 3532-50 LCR Hi-Tester in frequency of 50Hz-
1MHz. The sample was placed between two stainless steel
disk electrodes sample holder. The conductivity was studied
at room and elevated temperature of 303-373K. The data
collected contain complex impedance, admittance,
permittivity and electrical modulus where it can be used for
further analysis.

[11. RESULT AND DISCUSSION
A. Conductivity and ionic transport study.

The conductivity of the SPE was calculated using data
obtained from EIS with t isthe thickness of the sample; 4 is
the area of electrode-electrolyte contact and Rj is the bulk
resistance of the equation below:

t
T RyA

The sample designation, t, A and R, is tabulated in Table 1.
The conductivity calculated is shown in Figure 1.
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Table 1: Sampledesignation, t, A and R, of the CM C—SA system
prepared in thiswork.

Sample Thickness, t Electrode- Bulk
Electrolyte Resistance,
(em) Area, A Ry
(cm?)

CMC-SA 0.0036 3.142 1.30x 10°
0

CMC-SA 0.0043 3.142 1.00 x 10°
1

CMC-SA 0.0070 3.142 1.02 x 10°
2

CMC-SA 0.0030 3.142 7.08 x 10°
3

CMC-SA 0.0070 3.142 9.38 x 10°
4

CMC-SA 0.0063 3.142 5.00 x 10°
5

CMC-SA 0.0063 3.142 1.46 x 10
6

CMC-SA 0.0053 3.142 1.40 x 10°
7

Conductivity,o (Scm!)

6 7
Dopant Concentration (wt %)

9 1 2 3 4 35

Fig. 1: Graph of conductivity and activation energy versus
concentration of ionic dopant.

The conductivity depicted in Fig. 1 shows that by
increasing the ionic dopant content will increase the
conductivity from 0 wt% to 5 wt%. The highest conductivity
obtained is 4.02 x 107 Scm™ for sample containing 5 wt% of
SA at room temperature. The increment of ionic conductivity
was affected from the ionic mobility @ via interaction
between CMC and SA. The conductivity decreases above the
addition of 5 wt% SA content and can be related to the re-
association of the ions '® which leads to the formation of ion
cluster and thus decrease in the number of charge carrier and
mobility due to the dipole interaction between the proton ions
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in the medium increase attributable to higher ionic dopant
concentration 1®,

The study on mechanism of ionic conduction was
examined via the conductivity-temperature dependent study.
The Arrhenius plot [6] of log & vs 1000/T was constructed
for various composition of CMC-SA system in temperature
ranges from 303-383K and depicted in Figure 2. The
conductivity—temperature relationship of the SbPEs obeys
Arrhenius behaviour where regression value is almost unity
(R?~1) and can be considered by the relation ¥

G .
o =gy exp|—— @
where oy, is the pre-exponential factor, E is the activation
energy and & is the Boltzman constant. From this relationship,
the value of E, were calculated for al the prepared SPE by
linear fit of the Arrhenius plot, where m is the slope of the
Arrhenius plot. The calculated value of E, is depicted in Fig.
1
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Fig. 2: Temperature dependence of ionic conductivity.

Principally, activation energy, E; isthe energy required for
an ion to initiate movement. When the ion has acquired
sufficient energy, it is able to break away from the donor site
and move to another donor site. © It can be observed from
Fig. 1, the values of activation energy were reflected to the
conductivity. The differences of E; can be related to the
polymer segmental movement due to the ions transfer. The
values of E, for CMC-SA studied in thiswork are in range of
0.45 to 0.37 eV. The dectrolytes with lower value of E;
implies that rapid ionic conduction occur in the CMC-SA
system and hence elevates the conductivity. ° The number
density of mobile ion, n in this electrolyte has been
calculated based on the Rice and Roth model: [°

2 [{ZQJ‘] [EA _
7 =3 irm | 7o o (31

In equation 3, Z, E,, and m is the valency, activation energy
and mass of the conducting ion, respectively. T is absolute
temperature, & is Boltzmann constant and e is electron
charge, T is the time for an ion to travel between sites. By
knowing n and the conductivity, & value, the mobility of the
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ionic charge carrier, u and diffusion coefficient, & can be
calculated for every sample as follow [;

= 4)
u=—
Tong
_.':Tr.r
D=1 (3)

where, g isthe number of electrons.

Fig. 3 show the normalised ionic transport properties
which can be explained based on two (2) regions as
follows:

Regio . Region2
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Fig. 3: Normalised ionic transport properties versus
weight percent.

Region 1 (0-5wt% of SA): in this region, the conductivity
increases with the addition of 1-5wt% of SA consequently
increase the value of u and I'. The number density of mobile
ion, n is manly related to the change in free ion
concentration ™. The increasing conductivity is in contrast
to the value of n, which means that the conductivity does not
affected by the number of associate-disassociation of the
ionic dopant in the polymer matrix. Contrary to n, the values
of x4 and D seem to tag on closely to the conductivity values.
It can be inferred that the conductivity was mainly impinged
on the ‘speed’ and ‘distribution’ of ions rather than the
‘amount’ of ionsitself.

Region 2 (6-7wt% of SA): in this region, the vaue of n, u
and D decreases. The further decrease of n resulted in the
decreased of total mobility therefore reduces the diffusion of
ions thus, the space to ion ratio increases. As a result, the ion
moves so rapidly and subsequently vibrate in its initia point
thus reduces the conductivity even though the activation
energy increased.

B. Dielectric Studies

The data collected via EIS contains complex impedance,
admittance, permittivity and electrical modulus where it can
be used for further calculation of the dielectric properties.
The value can be derived as follow:
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-3+ = i
Z: 5‘
Er = - _a%
" we, (2,0 + 7,0 &)
ir
S E——— &)
& we, {zr‘ +zi‘:] (&

where ¢, = (g5 4} /t , &, iS permittivity of free space.
w=2uf f isfrequency.
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Fig. 4: € versus o (Hz) varied by temperature.
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Fig. 5: & versus o (Hz) varied by temperature.
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Referring to Fig. 4 and Fig. 5 of the dielectric constant (z,)
and dielectric loss (&) respectively, the trend is equaly
similar, where it rise sharply toward low frequency and
decays at increasing frequency. It can be attributed to the
electrode polarization effect which accumulation decrease
relate with decreasing of both dielectric constant and
didlectric loss. This is due to the periodic reversal of the
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electric field occurs so fast at high frequencies because there
was no excess ion diffusion in the direction of the field. @
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Fig. 6: Ln & versusLn o (Hz) of varied temperature.

From the dielectric graph of Fig. 6, exponent s can be
calculated from the slope at high frequency region. I The
acceptable range was at high frequency where there is no
minimal space charge polarization. In this frequency, the
electronic hops between pairs of sites can be explained when
the relaxation process occur with local character. ™ It was
contributed by the superposition of the potential which yield
a single ion potentia that is actualy felt by ion.  The
exponent s value was edstimaed using the
relation ¢ (e} = Aw*®.
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Fig. 7: Graph of exponent s versustemperature.

From Fig. 7, the value of s lies very close to unity (~1) and
is independent of temperature. *¥ This behaviour/trend is
best fitted to the Correlate Barrier Hoping (CBH) model,
similar to that reported by Buraidah. ' For CBH model, it
can be assumed that several potential as Coulumbic repulsive
potential were surrounded by the ions or charge carrier
between many ions and a potential well in which the ions
reside. ! In this model, two electrons are believed to
simultaneous jump from one center to another center over the
barrier separating the two sites, the barrier height,
furthermore, being correlated with the interstice separation
via the Columbic interaction between centres. 1%
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C. Modulus Studies

The purpose of modulus (M) studies is to support the
electrica conductivity data in previous section. The
advantages of modulus studies were to recognize the
conduction process and the effect on the frequency. The
phenomena of modulus studies can be analyzed using
equation below:

M & (8)
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Fig. 8: Real part of dielectric modulus ver sus frequency
varied by temperature.
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Fig. 9: Imaginary part of electrical modulus versus
frequency varied by temperature.

Fig. 8 and Fig. 9 show the frequency dependence of
the real part of dielectric modulus (i4,) and imaginary part of
didlectric modulus (M;) respectively. From the graph, M.
and M; increase towards high frequency. The increasing
electrica modulus can be related to the conductivity where at
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the higher frequency shows that conductivity arises. Besides
that, at higher frequency indicates the relaxation phase
decrease with temperature and this may be due to the bulk
effect. > With the increasing of temperature, the value of
relaxation peaks shifted to higher frequency. @ The
distribution of relaxation peaks is due to the distribution of
relaxation time of the free charge. ¥ The existence of
relaxation peak in real part modulus (M;) formation of higher
frequency indicating the polymer electrolytes films are ionic
conductor. ! The relaxation peak do not exist in the M; graph
which is due to the residual water does not contribute toward
conductivity enhancement. ¢!,

The contribution of electrode polarization phenomena can
be ignored at lower frequency of M, and M;. Furthermore, the
tail was observed in lower part of frequency which indicates
the samples are capacitive in nature for M, and the
distribution of relaxation time of the ionic conductor for M;.
[ The existence of the long tail can be considered as the

result of the large capacitance associated with the electrode.
[15]
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Fig. 10: tan d versuslog frequency.

From Fig. 10, the peak of dielectric constant represents the
relaxation time, 7. The graph of 7 versus T was plotted and
depicted in Fig. 10. The value of relaxation energy, E, can be
calculated from the slope of the graph. Contrary to Ep, E, is
the energy required for an ion to be in relaxes state. The
values of E, for CMC-SA studied in this work are in the
range of 0.16 to 0.23 eV. In comparison to the E,, the E, isin
the different range thus the ions hops at different energy
potential which support the CBH model.

300 320 340 360
T(K)

Fig. 11: Graph of 7 versustemperature.
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IV.CONCLUSION

The CMC-SA system studied in this work obtained the
highest conductivity of 4.02 x 107 Scm™ at room temperature.
The conductivity increases with temperature following the
Arrhenius behaviour. The activation energy for this system
was capsized with conductivity value which is 0.345 eV
obtained for the highest conductivity sample. The
conductivity was found to be dependent on the ionic mobility
and diffusion coefficient whilst the number of ions decreases
with increasing temperature for al samples studied. The
dielectric behaviour proved the CMC-SA system is an ionic
conductor. The conduction mechanism was found to follow
the CBH model as exponent s decrease with increasing
temperature. The relaxation energy shows that it is in the
dissmilar value range of the activation energy which
supports the CBH model proposed for the CMC-SA system
studied.
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